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J-aggregates of 1,1′,3,3′-tetraethyl-5,5′,6,6′-tetrachlorobenzimidazolocarbocyanine (TTBC) were deposited on
a mica surface and probed by atomic force microscopy operated at tapping mode in air. Optical spectra
showed that J-aggregates were formed in aqueous solutions. Atomic force microscopy images revealed that
J-aggregates deposited on mica surfaces mainly present single domains with a mean height of 2.00( 0.25
nm and an average diameter of 100( 20 nm. Quantitative analysis of the morphology of images indicated
that the single domain of J-aggregates exhibits very uniform height and diameter distributions with
polydispersity indices of 1.02 and 1.04, respectively. Based on the results, we propose a two-dimensional
nanostructure in which TTBC J-aggregates could be arranged in a monolayer.

Introduction

Molecular self-assembly is a bottom-up approach to make
nanoscale materials. The spontaneous self-assembly of mol-
ecules in nanoscale structures is governed by noncovalent
interactions. Controlling noncovalent interactions to yield nano-
scale materials with tailored properties has attracted attention
due to potential technological applications.1

J-aggregate of cyanine dyes formed by short-range electro-
static interactions is an example of molecular self-assembly.
The driving forces for aggregation are thought to be the
dispersion forces between the nearest-neighbor molecules cre-
ated by the high polarizability of theπ-electrons of the
polymethine backbone of cyanine dyes.2 Attachment of hydro-
phobic substituents to cyanine’s chromophore may become
significant on the arrangement of J-aggregates due to enhanced
role of solvophobic forces.3,4 The degree of energy delocalization
leading to exciton formation as a result of molecular arrangement
determines the spectral and optical properties of J-aggregates.

The J-aggregates are the most commercially important self-
assemblies as a spectral sensitizer of silver halides for the
photographic industry.5 In the past decade, J-aggregates of
cyanines, especially 1,1′,3,3′-tetraethyl-5,5′,6,6′-tetrachloroben-
zimidazolocarbocyanine (TTBC), have been commercialized as
an imaging probe in molecular cell biology.6 Furthermore, they
exhibit attractive spectral and optical properties such as super-
radiance, superquenching, ultrafast optical switching, and
electroluminescence.7-16 These properties may find applications
in the field of photonic technologies.

Spectroscopic studies suggest that a few molecules are
coherently coupled to form a structure that is called a coherent
size anticipated to be on the scale of nanometers. On the other
hand, the physical size composed of thousands to millions of
molecules is generally on the micrometer scale. Many micros-
copy techniques had been used to probe the structure of
J-aggregates. However, the quantitative analysis of morphology

is still scarce because of the widespread size and shape
distribution of J-aggregates. Atomic force microscope (AFM)
was employed to study the structure of J-aggregates on mica/
solution interfaces.17,18 These studies revealed that three-
dimensional leaflike structures were formed with the size of
submicrometers and height of 3-6 nm. Moreover, it has been
shown that the aggregates were anisotropically grown on the
interface. Near-field scanning optical microscopy studies dem-
onstrated that J-aggregates in polymeric thin films form flexible
molecular fibers of several micrometers long and an average
width of 100 nm.19-22 Supramolecular structures of J-aggregates
in solutions forming ropelike superhelices of several microme-
ters long with a diameter of 10 nm were revealed by cryogenic
transmission electron microscopy (cyro-TEM).23,24On the other
hand, a molecular arrangement of J-aggregates was resolved
by scanning tunneling microscopy (STM).25 A linear arrange-
ment of the molecules extended over several hundred nanom-
eters, and 3 nm of interaggregate spacing was observed by STM.
The linear structures were attributed to the brickwork packing
arrangement originally proposed by Kuhn et al.26

Identification of the morphology of J-aggregates is of interest
to predict physical as well as coherent structures and to further
understand optical properties of J-aggregates which will pave
the way for more scientific and technological applications. In
the present study, AFM operated in tapping mode was employed
to obtain structural information at nanometer scales because
sample degradation is limited and the preparation is straight-
forward. The aim of the present study is quantitative comple-
mentation of the knowledge on the morphology of J-aggregates.
The size and height of J-aggregates deposited on mica surfaces
were analyzed. The AFM images revealed that J-aggregates form
disk-shaped nanostructures with a mean height of 2.0 nm and
an average diameter of 100 nm. Polydispersity indices of the
height and the diameter of J-aggregates were found to be 1.02
and 1.04, respectively. We propose that the nanostructures
forming single domains are the physical size of J-aggregates
containing approximately 104 TTBC molecules.

Experimental Section

1,1′,3,3′-Tetraethyl-5,5′,6,6′-tetrachlorobenzimidazolocar-
bocyanine iodide salt (TTBC) was purchased from Hayashibara
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Biochemical, Co., Okayama, Japan, and used as received.
J-aggregates were prepared by mixing 1 mL of 1.0 mM TTBC
in methanol and 3 mL of 10µM NaOH aqueous solution.
Immediate color change of the mixture from orange to bright
pink indicates the formation of aggregates. J-aggregates from
aqueous solutions were deposited either by spin coating or by
placing a drop of solution on mica after cleaving a fresh surface.
Absorption and fluorescence spectra were recorded by Varian
Cary-5 and Perkin-Elmer LS-50 spectrophotometers, respec-
tively.

AFM images were recorded using a Nanoscope III (Digital
Instruments, Santa Barbara, CA) operating at tapping mode in
air. The height, phase contrast, and amplitude mode images were
simultaneously recorded. An oxide sharpened Si tip with spring
constant of 42 N/m was used for all samples. In tapping mode,
the cantilever oscillates at the resonance frequency of 300 kHz
in air, providing a very brief interaction of the tip with the
sample surface. Images were recorded at a 256× 256 pixel
resolution with a scan rate of 0.6 Hz. Typical scan area was 3
× 3 µm.

Results

Optical Spectroscopy.Formation of TTBC J-aggregates in
aqueous solution was confirmed by absorption and fluorescence
spectra as shown in Figure 1. The absorption spectrum of the
J-aggregate showed a maximum at 592 nm with an asymmetric
band (J-band). The asymmetric band is attributed to the presence
of J-aggregates having different sizes. The asymmetric band-
width of the J-band also manifests that the transition dipole
moments could be smeared out over the lower exciton levels.
A shoulder at 518 nm in the absorption spectrum originates from
the electronic transitions in the energy levels of monomer and
indicates the existence of TTBC monomers in equilibrium with
the aggregates. A steady-state fluorescence spectrum showed
an emission maximum at 594 nm with a very sharp and
symmetrical band having full width at half-maximum of 8.0

nm (fwhm ) 185 cm-1) at room temperature. The difference
in bandwidth of the absorption and emission spectra indicates
that the size of excitons created by excitation and the one
annihilated by emission should be different. The small Stokes
shift reflects the fact that the exciton created should reach the
lowest exciton level by the relaxation processes before emission.

Some estimates on the structural properties can be given using
the results of the exciton theory27 for linear J-aggregates formed
in solution. In the nearest-neighbor dipole-dipole interaction
approximation the following equations of the exciton theory
reproduce the properties of the J-band absorption spectrum:

whereN is the number of molecules forming the aggregate;ε

is the interaction energy.Ek and Eo are, respectively, the
transition energies of thek-exciton level and monomer.

where µ2
eff covers constants of permittivity of vacuum and

refractive index of the medium. A factor of 5.04 is needed if
µ2

eff is taken in debyes squared;R is in nanometers to yieldε
in reciprocal centimeters (cm-1).

where µk and µo are the transition dipole moments of the
aggregatekth excitonic transition, i.e., correspond to thekth
transition of eq 1 and monomer, respectively.ε can be expressed
in terms of structural parameters:R is the nearest-neighbor
distance betweeen molecules in the aggregate andR is the angle
between the molecular dipole moment and the aggregate axis.

The evaluation of eq 1 for the experimentally observed
spectral position of the J-band maximum (Ek ) 592 nm) together
with the monomeric absorption band in methanol (Eo ) 515
nm)28 yields ε ≈ -1300 cm-1 in the large aggregate limit (N
. 1) andε ≈ -1375 cm-1 for a linear chain consisting of 10
molecules. Using eq 2, we estimate that, for chain lengths longer
than 10 molecules, the intermolecular distances of 4.5-9.5 Å
in the corresponding angular range of 50-10° can accommodate
the experimental red shift in the absorption spectrum. In this
estimate, we have takenµ2 ) 100 D2.28 We use these numbers
that translate into the coherent length of 10 nm as a reasonable
lower limit. Details of these estimates can be found in ref 28.

Atomic Force Microscopy. The height and lateral size
measurements for individual J-aggregates were carried out by
AFM and quantitatively evaluated by section analysis software
provided by Digital Instruments. Figure 2 represents topography
and phase contrast images recorded simultaneously and the cross
sections obtained from them. The images and cross sections
exhibit evidence that mica provides a very flat surface with a
roughness about 0.4 nm. The phase contrast image exhibiting
excellent correlation with the topographic image is not only
based on the height topography but also on other properties such
as hardness and elasticity of sample, and the chemical nature
of components in the sample.29 In control experiments, 10µM
NaOH solution without TTBC was deposited on mica surface,
and no particle formation was found on mica surface, just freshly
cleaved. On the other hand, when the J-aggregate formed in
solution, confirmed by absorption and fluorescence measure-

Figure 1. Absorption and fluorescence spectra of TTBC J-aggregates
in NaOH solution. Fluorescence intensity was normalized to unity.
Chemical structure of TTBC is given below the spectra.

Ek ) Eo + 2ε cos( πk
N + 1) (1)

ε ) 5.04µ2
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2
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ments, was dispersed on mica surface, disklike objects were
observed. As a result, they were attributed to single domains,
i.e., islands of J-aggregates deposited on mica surface, because
TTBC molecules differ from the surface in topography and
chemical nature. The topographic cross sections of four
individual islands of J-aggregates shown in Figure 2c,d clearly
demonstrate that J-aggregates form single domains with a lateral
size in the range from 100 to 200 nm and height from 1.5 to
2.5 nm. The actual lateral diameter (size) should be lower than
the measured value due to limiting radius of the curvature of
the cantilever tip, approximately 20 nm. The lateral size is
considered as the physical size of J-aggregates composed of
many closely spaced “coherent sizes” in the single domain of
J-aggregates. Topographic characterization and evaluation of
coherent sizes in a single domain are limited because the
coherent size of J-aggregates estimated from absorption spec-
trum is on the order of a few nanometers.

We determined heights of a large number of single domains
and constructed a histogram shown in Figure 3. The data in the
height histogram are fitted to a single Gaussian distribution
centered at 1.96 nm with a variance of 0.25 nm. It indicates
that the major portion (50%) of the J-aggregates deposited on
the mica surface has an average height of 2.00( 0.25 nm. The
height measurements agree very well with the crystal structure
of TTBC.30 The findings state that the J-aggregates are deposited
as a single monolayer on a mica surface. On the other hand, a
multilayer formation is possible only if the molecular plane of
TTBC makes a minimal angle with the mica surface. Multilayer
formation with a stabilizing region between the layers reducing
repulsive interactions as well as steric constraints has been
proposed for the mesoscopic J-aggregates in solutions.31,32

Figure 4 shows the size (the lateral diameter) histogram of
the disk-shaped J-aggregates. The cross-sectional analysis
provides data to a Gaussian fitted histogram yielding a mean
value of 120 nm with a variance of 20 nm. The lateral size can
be overestimated due to the geometry and finite size effects of
the tip, i.e., tip convolution. To estimate the real diameter of

individual J-aggregate domains, the following equation is
employed.33

Here,Wi, Zi, andLi are, respectively, the apparent lateral size,
height, and real diameter of the particle andR is the radius of
the tip. The real diameter of individual J-aggregate domains is
estimated to be 100 nm when an apparent lateral size of 120
nm and a height of 2.0 nm are taken. The tip size of 20 nm was
used for the calculation. It should be noted that the estimation

Figure 2. AFM images illustrating the topography of J-aggregates deposited on a mica surface. (a) Height image; (b) phase contrast image. The
image area is 3× 3 µm. The cross-sectional profiles of the single J-aggregate domains along the lines are presented in (c) and (d).

Figure 3. Height histogram of single domains of J-aggregates obtained
from AFM images of more than 70 individual domains under the same
scanning conditions. The solid line represents a fit of the data to a
Gaussian distribution centered at 2.00( 0.25 nm. Polydispersity index
of the height distribution is 1.02.

Wi ) 2(2RZi - Zi
2)1/2 + Li (4)
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may have limitations because it considers only geometric effect
but does not take into account the interactions between the tip
and sample. Nevertheless, there is a slight difference between
the apparent and the calculated size of the aggregates. The
estimated physical size (the lateral size of the single domain)
of the J-aggregates by AFM is still substantially larger than the
coherent size approximated from the absorption spectrum. It is
worthwhile emphasizing that the coherent size estimated may
carry some uncertainty as well.

Polydispersity index (PI) is used in the context of providing
a quantitative measure of the distributions. The polydispersity
index is calculated using PI) W(d)/N(d), whereW(d) andN(d)
are the weight average and the number average of height (size),
respectively, according to eqs 5 and 6.

whereni is the number of domains of J-aggregates anddi is the
dimension as height or lateral size of J-aggregatei. The same
equations calculating the weight-average and number-average
distributions were used for laponite nanoparticles34 and for
polymers.35 The analyses resulted in polydispersity indices of
1.02 and 1.04 for the height and size, respectively. These results
strongly confirm that the single domains of J-aggregates were
uniformly deposited on mica surfaces.

Discussion

There is a consensus on that the molecular structure of the
dye and the short-range intermolecular interactions among the

molecules determine the molecular arrangement and therefore
the optical properties of J-aggregates.2,36 However, the morphol-
ogy of J-aggregates remains equivocal because of the difficulty
of detecting unambiguous structures at nanometer scales and
the nonuniformity of the structures. The single-crystal structure
of TTBC provides that TTBC molecules are packed plane to
plane and end to end on the long molecular edge in sheets.30

This packing is also known as the two-dimensional brickwork
arrangement.26 The sheets containing the cationic part of the
dye are separated by approximately 1.1 nm thick regions and
are composed of the counterions and methanol or acetonitrile
molecules. These crystallographic data also showed that TTBC
occupied 2.1 nm linear space and covered an area of 74 Å2.
Recent studies using synchrotron X-ray diffraction and scattering
suggest the formation of mesoscopic structures of J-aggregates
in solutions.31,32 Supramolecular structural models exhibiting
liquid crystal properties were proposed in terms of alignments
of monomolecular sheets of J-aggregates separated by polar
regions constituted of water, hydrophilic headgroups, and
counterions with a thickness from a few tens to hundreds of
nanometers.

The images revealed that J-aggregates are uniformly deposited
on mica surfaces as single “disk-shaped” domains with a height
of 2.0 nm and a diameter of 100 nm. Utilizing the average
volume of a nanodisk and the volume of a single TTBC
molecule (approximated 2× 1 × 1 nm based on the crystal-
lographic data), we estimate nearly 104 TTBC molecules
occupying the single domain of J-aggregates. The number of
molecules in the coherent size estimated from absorption
spectrum is in the range 10-100, which does not agree with
AFM measurements. Therefore, the size of a single J-aggregate
domain should be considered as the “physical size” of J-
aggregates or the macroaggregate containing mesoaggregates
(representing the coherent size) proposed by Kobayashi.36,37

A magnified AFM image of a single domain of J-aggregates
and a drawing showing dimensions of a model are presented in
Figure 5. Since AFM measurement provides a height of only
2.0 nm, it is more likely that J-aggregates deposited on mica
surface form a monolayer instead of multilayers requiring
stabilizing regions. We suggest the observed structure of TTBC
J-aggregate as a “nanodisk”. Combining the findings presented
here and the crystallographic data of TTBC, a structural model
shown in Figure 5b is proposed: J-aggregates in single domains
should be arranged in a monolayer consisting of linear chains
of J-aggregates. The size and shape of the aggregates deposited
on mica surface guide us to deduce two-dimensional nanostruc-
ture corresponding to the physical size of the aggregate. We
assume that the nanodisks accommodate linear chains of
J-aggregates formed in solution before deposition. We foresee
that the deposition process does not affect the aggregate
structure. Unaffectness of the deposition on the aggregation
process was one of the findings of a study reporting formation
of porphyrin nanorods.38 It might be necessary to conduct
dynamic light scattering (DLS) measurements to determine the
size of the J-aggregates in solution. However, the latter study
has already pointed out the difficulty in determining the size of
aggregate due to the fact that the shape of aggregate in solution
should be defined precisely.38 Considering the size of the
aggregate determined by AFM leads us not to pursue this matter
further because the size of 100 nm is rather small. It was
concluded that the nanorods were formed in solution, and that
the substrates played no role in the aggregate formation.38 Our
findings are in favor of their conclusions. Furthermore, the
formation of nanorods and nanodisks being independent of the

Figure 4. Lateral size (diameter of the disk-shaped single domain)
histogram of J-aggregates obtained from AFM images of more than
70 individual domains under the same scanning conditions. The solid
line represents a fit of the data to a Gaussian distribution centered at
100 ( 20 nm. Polydispersity index of the size distribution is 1.04.
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deposition process seems to rely on the precursor structure
forming aggregates. We could bear in mind the possibility of
the surface-templated deposition of aggregates due to the
exposed site of the negative holes because of the cleavage of
mica layers. A growth scenario for aggregation on the solution/
mica interface was proposed based on AFM measurements.18

At the end, we discuss the adsorption of TTBC molecules
on a mica surface. How are TTBC molecules arranged on the
surface? We considered two possible arrangements of TTBC
molecules on the surface (see Figure 5c): TTBC molecules
could be adsorbed on (i) their molecular plane parallel to the
mica surface or (ii) the molecular plane perpendicular to the
surface. Since the positive charge is delocalized in the region
between the two nitrogen atoms through the polymethine bridge,
the interactions between the surface and TTBC molecules would
be stabilized if the molecules are adsorbed on their molecular
plane perpendicular to the surface. Meanwhile, the molecular
plane of TTBC could form certain angles to keep the aggregate
intact. TTBC molecules lying flat on the surface are less likely
because the interactions between the ionic surface and the
molecular plane of TTBC would be less favorable.

As a synopsis, J-aggregates on mica surfaces are mainly
deposited as nanodisks with a mean height of 2.00( 0.25 nm
and an average diameter of 100( 20 nm along with polydis-
persity indices of 1.02 and 1.04, respectively. Our AFM
measurements and computational findings suggest that TTBC
molecules in single domains could form a monolayer.

Near-field optical microscopy and spectroscopy would be very
intriguing to elucidate nanoscale optical properties, especially
superradiance7-11,39and superquenching,15 of J-aggregate nano-
disks deposited on various substrates. It is expected that near-
field studies would help to develop new organic optical material
based on J-aggregates with enhanced and tailored optical

properties. Attempts are underway to explore near-field optical
properties of J-aggregates in nanodisks.
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